The potentiodynamic polarization measurement of Sn-8.5Zn-XAl-0.5Ga alloy was carried out in 3.5% NaCl solution. The Al content in the alloy varied from 0.02-0.5 wt %. Addition of Al from 0.02 to 0.05 wt % decreased the corrosion current density and corrosion rate of the alloy. However, for Al content Ͼ0.05 wt % a significant increase in the corrosion rate and corrosion current density was observed. These changes were also noticed in the linear polarization resistance of the alloy. Auger depth profile and secondary ion mass spectrometry results revealed that the outer surface of the passive film was primarily composed of a high concentration of gallium oxide with a low concentration of zinc oxide. Aluminum oxide and tin oxide contributed a little to the formation of the passive film on the outer surface; however, it was present in the sputtered layers. An increase in the Al content to 0.5 wt % shifted the breakdown potential toward more negative values and facilitated the increased adsorption of Cl − ion in the passive layer. Lead-containing solder alloys, particularly tin-lead alloys, have been widely used in electronic industries for a long time due to low cost, good soldering properties, adequate melting temperature range, and proper physical, mechanical, metallurgical, and fatigueresistance properties. However, serious concerns on the toxicity of lead have led to an increase in the control and legislation on the use of lead. The use of lead in solders for electronics assembly has not been banned yet, but a strong trend of moving toward a green world is driving the industry to develop lead-free solder alloys with an immense enthusiasm. However, the new lead-free solder alloys which will be used in the electronic industry need to meet a variety of properties, such as good wettability, low melting point, low cost, adequate strength, good thermal fatigue resistance, etc. A number of investigations have been carried out on lead-free alloys such as Sn-Zn, 1-7 Sn-Ag and certain ternary systems such as Sn-Zn-In, 8, 9 Sn-Ag-Cu, 10 Bi-Sb-Sn, 11 etc. Addition of Zn 12 to the Pb-free solder alloy results in good mechanical property and fatigue life. The presence of zinc in the solder alloy results in wettability decrease and poorer corrosion behavior of the alloy. The corrosion resistance of Zn has thus been improved by the addition of Al, 13, 14 as in the case of conventional galvanized coatings for steel.
Lead-containing solder alloys, particularly tin-lead alloys, have been widely used in electronic industries for a long time due to low cost, good soldering properties, adequate melting temperature range, and proper physical, mechanical, metallurgical, and fatigueresistance properties. However, serious concerns on the toxicity of lead have led to an increase in the control and legislation on the use of lead. The use of lead in solders for electronics assembly has not been banned yet, but a strong trend of moving toward a green world is driving the industry to develop lead-free solder alloys with an immense enthusiasm. However, the new lead-free solder alloys which will be used in the electronic industry need to meet a variety of properties, such as good wettability, low melting point, low cost, adequate strength, good thermal fatigue resistance, etc. A number of investigations have been carried out on lead-free alloys such as Sn-Zn, [1] [2] [3] [4] [5] [6] [7] Sn-Ag and certain ternary systems such as Sn-Zn-In, 8, 9 Sn-Ag-Cu, 10 Bi-Sb-Sn, 11 etc. Addition of Zn 12 to the Pb-free solder alloy results in good mechanical property and fatigue life. The presence of zinc in the solder alloy results in wettability decrease and poorer corrosion behavior of the alloy. The corrosion resistance of Zn has thus been improved by the addition of Al, 13, 14 as in the case of conventional galvanized coatings for steel.
Lin et al. 15 have studied the corrosion behavior of Sn-Zn-Al and Sn-Zn-Al-In 16 alloys by using potentiodynamic polarization techniques in 3.5% NaCl solution. In one study they found that SnZn-Al alloy underwent more active corrosion than 63Sn-37Pb alloy. In another study 16 they noticed that 5In-9͑5Al-Zn͒-Sn alloy was slightly more susceptible to corrosion than 10In-9͑5Al-Zn͒-Sn alloy. The polarization behavior of these two alloys were similar to that of 9͑5Al-Zn͒-Sn alloy. Recently Mohanty et al. 17 have investigated the effect of Al on the electrochemical corrosion behavior of Sn-8.5Zn-0.5Ag-XAl-0.5Ga alloy by using potentiodynamic polarization techniques in 3.5% NaCl solution. They found that an increase in the Al content to 1.5 wt % decreased the corrosion current density ͑I corr ͒ and shifted the corrosion potential toward more noble values. Passivation behavior was observed in all the alloys having varying Al content, but the passive film formed at 1.5 wt % Al was the most stable due to its low passivation current density and low critical current density values in comparison to other alloys. However, potentiodynamic studies on the effect of Al on the electrochemical corrosion behavior of four-element alloy without Ag content have not yet been reported in the literature. This paper thus investigates the potentiodynamic polarization measurement of Sn-8.5Zn-XAl-0.5Ga alloy in 3.5% NaCl solution.
Experimental
A series of alloys of Sn, Zn, Al, and Ga were prepared from pure elements ͑greater than 99.9% pure͒. The Al content investigated in the Sn-8.5Zn-XAl-0.5Ga alloy was 0.02-0.5 wt %. The constituent elements were weighed and melted in a quartz tube with an inside diameter of 8 mm under an argon atmosphere as reported earlier. 18 The molten alloys were homogenized at 800°C for 3 h, cooled to 250°C, and then water-quenched to room temperature. The constituents of the alloy were then weighed and melted in a crucible followed by natural cooling in air. The alloy thus formed after cooling was polished with SiC paper of grade ranging from 240 to 2000, respectively. The sample was then cleaned by means of an ultrasonic cleaner ͑DELTA D 200͒. The specimen was then dried and placed in the test cell. Potentiodynamic polarization studies were carried out in a rectangular cell containing 3.5% NaCl solution which was deaerated with N 2 for 1 h prior to the start of the polarization experiments. The instrument used for carrying out the polarization studies was a Gill AC ACM ͑ACM is a brand name from ACM instruments, Cumbria, U.K.͒ potentiostat. A Pt wire was used as the counter electrode, and the reference electrode used in our study was Ag/AgCl electrode saturated with KCl. The four-element alloy placed inside the rectangular cell served as the working electrode and the area of the electrode was 1 cm 2 . Scanning of the potential was carried out from −2200 to +100 mV at a scan rate of 1 mV/s.
The surface morphology of the various corrosion products formed on the surface of the specimen was examined by scanning electron microscopy ͑SEM͒ by using a JEOL JXA-840 electron probe microanalyzer. A primary electron-beam of magntitude 10 keV and 0.1 mA was used to determine the Auger spectra. The Auger depth profiles of the corroded specimen were obtained using a differential-pumped ion gun with an ion beam accelerated at 3 keV. The etching current was maintained at 0.5 A/cm 2 . The sputtering rate was calibrated at 1 Å s −1 ͑0.1 nm/s͒ by etching of a Si sample covered with SiO 2 film of known thickness. The elements distributed across the surface of the passive film and its underlying layers were analyzed using secondary ion mass spectrometry ͑SIMS͒. A CAMECA-made IMS-6f ion microscope and ion microprobe using the Cs + microbeam energy of 10 keV was used. A primary ion beam of Cs + with 50 nA beam current was rastered over an area of 150 ϫ 150 m on the specimen surface. The resultant intensity of the secondary ions was plotted vs the sputtering time to understand the variations in the composition of the various elements distributed across the modified layer.
Results and Discussion
Polarization studies.- Figure 1 displays the potential-current density profiles ͑E-I͒ for Sn-8.5Zn-0.5Ga alloy and Sn-8.5Zn-XAl-0.05Ga alloy potentiodynamically polarized to +100 mV in 3.5% NaCl solution. A small cathodic peak was observed at around −2100 mV in the polarization curves, which probably corresponds to the reduction of dissolved oxygen.
The anodic excursion of the potential scan starts at point B. Point B is referred to as E corr ͑corrosion potential͒, where the extrapolated anodic and cathodic Tafel slopes intersect and the current becomes zero. The current rises sharply from point B where dissolution of zinc commences according to the following reactions 20, 21 Zn + OH − → Zn͑OH͒ ads + e −
͓2͔
Zn͑OH͒ ads + 2OH
A very small current density peak C is noticed very close to the end of the dissolution peak for the polarization curves 1 and 2. This peak might be attributed to the dissolution of Al, 22 
͓9͔
The formation of Al͑OH͒ 3 at around the similar potential is consistent with the results obtained in our previous study. 17 The active dissolution of Al continues with increasing potential until the hydroxide concentration reaches a critical value and supersaturates the surface of the alloy at point D. Further increase in potential in the anodic direction results in the formation of very broad current density peak E, which decreases with the increase in Al content in Sn-8.5Zn-XAl-0.5Ga alloy, shown in Fig. 1 . This peak might be due to the dissolution of Ga and formation of gallium hydroxide on the surface of the alloy. The possibility of formation of Ga͑OH͒ 3 is further supported by the high hydration energy of gallium ͑−4.6 ϫ 10 3 kJ/mol͒, 23 hydrophilicity, 24 and the susceptibility of Ga 3+ ͑aq͒ ions to hydrolysis. 25 The formation of gallium hydroxide on the surface at point E has been confirmed from Auger depth-profile analysis discussed later. Gallium hydroxide undergoes dehydration to form Ga 2 O 3 .
The anodic corrosion is found to increase with further increase in potential in the anodic direction and reaches a maximum at point F, which is referred as the passivation potential ͑E pp ͒. The current where the passivation potential peaks to a maximum is termed as the critical current density ͑i cc ͒. The transition from active dissolution occurs at the passivation potential where the solid species ͑oxides/ hydroxides of Zn, Ga, and Al͒ become more stable than the parent metal ion. These oxides/hydroxides cover the surface of the electrode and passivation thus begins to set in, thereby decreasing the current density with further increase in potential to point G ͑Fig. 1͒. The region FG is not really a passive region; however, the current density decreases slightly and remains constant with increase in potential in the anodic direction, indicating slight passivation behavior.
The current density observed in the region FG is found to be the lowest for 0.02 wt % Al in comparison to other alloys containing Al. The low current density value noted at the end of the passive region FG is referred to as the passivation current density ͑i p ͒. The i p and i cc values obtained from the polarization curves ͑Fig. 1͒ are noted in Table I 26 have also established that lower values of i p and i cc correspond to the stability and protective nature of the passive fillm. However, Al content Ͼ0.05 wt % increases the passivation current density ͑i p ͒, thereby destabilizing the passive film and resulting in a higher rate of corrosion of the alloy ͑low LPR value, Table I͒. The passivation behavior thus observed at low content ͑wt %͒ of Al might be attributed to the formation of oxides of gallium and zinc on the outer surface of the alloy. Butt et al. 27 have reported that metallic Ga present in the outermost layers of the deposit is readily oxidized during air atmosphere. The alloying element Al and Sn contributes a little to the formation of passive film on the surface. These results are further confirmed by Auger depth-profile analysis discussed later. Beyond the passive region FG the current density suddenly increases with an increase in potential in the anodic direction. This large increase in current density with small increase in the anodic potential indicates the transpassive behavior of the alloy and the potential is referred as the breakdown potential ͑E bd ͒. The transpassive region is usually associated with the evolution of a gas, particularly oxygen, or metal dissolution or breakdown of the passive film, leading to localized corrosion. In the present context the breakdown of the passive film occurs in presence of aggressive chloride ͑Cl − ͒ ion. Abd El Haleem 28 has reported that aggressive halide ions penetrate the oxide layer and get incorporated as an impurity thereby altering their physical and electrical properties. Pistorius and Burstein 29 have established that chloride ions penetrate into the oxide film and form solid metal chloride, which causes the mechanical breakdown of the film. The breakdown potential ͑E bd ͒ values for the Sn-8.5Zn-0.5Ga alloy and Sn-8.5Zn-XAl-0.5Ga alloys with varying Al content were calculated from the polarization curves and are listed in Table I .
The E bd value for Sn-8.5Zn-0.5Ga alloy is found to be almost similar to the value obtained for Sn-8.5Zn-0.02Al-0.5Ga alloy. However, the E bd value shifts toward more negative values with further increase in Al content to 0.5 wt % in the four-element alloy. It has been demonstrated by several authors 30, 31 that pure Al can be activated in solutions containing gallium ions and can shift the operating potential toward more negative values, thus facilitating the increased adsorption of Cl − ions. Thus, it can be said that presence of a high content of Al in the four-element alloy causes faster breakdown of the passive film due to the increased adsorption of Cl − ions. These ions decrease the passivity and diminish the protective nature of the film. The corrosion products formed after the end of the electrochemical experiment ͑up to H in Fig. 1͒ were examined by SEM. The scanning electron ͑SE͒ micrograph in Fig. 3 for the Sn-8.5Zn-0.02Al-0.5Ga alloy polarized to +100 mV reveals a mixture of needle-and sheetlike structures with numerous pores and openings on the surface. Energy dispersive X-ray ͑EDX͒ analysis carried out on the sample confirmed the presence of Sn, Cl, and O in the analyzed specimen. Chang et al. 32 observed a similar sheet-shaped structure for Sn-3.5 Ag alloy whose composition was found to be similar to SnCl 2 . Tin chloride formed in our study might react with oxygen to form tin oxychlorides, which is consistent with the results obtained by Windholz et al. 33 These results suggest that SnCl 2 or SnOCl 2 might have been formed at the end of the electrochemical experiment.
The electrochemical corrosion parameters like corrosion current density ͑I corr ͒, corrosion potential ͑E corr ͒, linear polarization resistance ͑LPR͒, and corrosion rate for various Al content in the fourelement alloy were obtained from the polarization curves by computer simulation from a new ACM software. The data obtained from these curves were confirmed by repeated polarization tests. The data on these corrosion parameters are listed in Table I . The corrosion parameters for Sn-8.5Zn-0.5Ga alloy are compared with the values obtained for Sn-8.5Zn-XAl-0.5Ga alloy. The corrosion potential ͑E corr ͒ and the corrosion current density ͑I corr ͒ for Sn-8.5Zn-0.5Ga alloy are found to be −1174 mV and 1.01 mA cm −2 , respectively. However, an increase in the Al content from 0.02 to 0.5 wt % in the Sn-8.5Zn-XAl-0.5Ga alloy progressively increases the corrosion current density ͑I corr ͒ and shifts the corrosion potential toward more negative values ͑the E corr value changes from −1254 to −1296 mV, as noted in Fig. 4͒ . Despic et al. 34 have also observed a considerable shift in the corrosion potential in the negative direction while investigating the electrochemical behavior of aluminium alloys in the presence of small amounts of gallium and indium. Thus, higher content of Al in the Sn-8.5Zn-XAl-0.5Ga alloy enhances corrosion. These changes are also reflected in the LPR values ͑Fig. 5͒ and corrosion rate, as shown in Table I .
Surface analysis by AES and SIMS.-Samples which were potentiodynamically treated in the above-mentioned electrolyte were subsequently subjected to surface analytical studies in order to get information on the surface film composition. Auger electron spectroscopy ͑AES͒ was used to examine the corrosion behavior of the alloy at specified potentials ͑potentials of interest͒ during the polarization studies. Figure 6 displays the atomic concentration depth profiles of elements, i.e., Sn, Zn, O, and Ga plotted vs the sputtering time, for the Sn-8.5Zn-0.02Al-0.5Ga alloy polarized to point E in Fig. 1 ͑−1020 mV͒. The Auger depth profile was performed at the point referred as spectrum 1 in the SE micrograph ͑Fig. 6͒. The results obtained from Auger depth profile analysis reveal that the atomic concentration of Ga is around 40% on the outer surface and the atomic concentration of Zn and O are around 30%. The depth profile shows that very little Sn has segregated to the surface along with Zn and Ga. Because the Ga concentration is highest among other elements, it is clear that gallium oxide must be the dominant oxidized species on the surface of the alloy, followed by zinc. These results confirm the formation of Ga 2 O 3 on the surface of the fourelement alloy potentiodynamically polarized to point E. However, the atomic concentration of Sn starts to shoot up when the sputtering time reaches 480 s, and the atomic concentration finally reaches around 90% with increase in sputtering time to 2400 s. This indicates that oxidation of Ga and other elements from the outer surface exposes the underlying metal Sn present in the bulk of the alloy.
The Auger depth profile analysis for Sn-8.5Zn-0.02Al-0.5Ga alloy, polarized to point F ͑−604 mV͒, is shown in Fig. 7 . It can be noticed from the figure that the atomic concentration of Zn and O are very high on the surface but subsequently decrease with increase in sputtering time to 2400 s. The atomic concentration of Al decreases slightly up to a sputtering time of 100 s and then it continues to increase with the increase in sputtering time to 300 s, followed by a gradual decrease. This indicates that Al has not completely oxidized from the surface; it is still present in the sputtered layers. The atomic concentration of Ga increases sharply up to a sputtering time of 480 s followed by a sharp decrease in the peak, indicating that all the Ga has not reached the outer surface of the alloy; some are still present in the sputtered layers. The atomic concentration of Sn is very low on the outer surface; however, it increases progressively to around 90% with increase in sputtering time to 2400 s. These findings establish that the oxides of Zn, Al, Ga, and Sn tend to accumulate near the passivation potential F before the formation of the passive film. Figure 8 reveals the Auger depth profile for Sn-8.5Zn-0.02Al-0.5Ga alloy polarized to the end of the passive region G ͑−271 mV͒. The results in Fig. 8 reveal that the atomic concentration of Ga and O are highest, i.e., around 17-20%, on the outer surface of the alloy, indicating the possible existence of Ga 2 O 3 . The atomic concentration of Zn and Al are found to be low as compared to the concentration of Ga. It is also observed that the concentration of Zn decreases with an increase in sputtering time to 2400 s, suggesting that all the Zn might have segregated to the surface and was oxidized as ZnO. However, Al does not get completely oxidized from the outer surface; it is still present in the sputtered layers. The stability of these oxides, i.e., oxides of Ga, Zn, Al, and Sn, can be ascertained from their corresponding Gibbs free-energy values ͑⌬G f 0 for Ga 2 O 3 = −998.3 kJ/mol, ⌬G f 0 for Al 2 O 3 = −1582.3 kJ/mol, and ⌬G f 0 for ZnO = −320.5 kJ/mol͒. 35 The oxide data mentioned above is per mole of oxide formed at 298 K. Looking at the free-energy values it can be said that the formation of ZnO is more thermodynamically unfavorable and could not be formed as easily on the surface as the other two oxides cited above. However, Ga 2 O 3 , being stabler than ZnO, does not get completely oxidized and still remains in the sputtered layers, as seen in Fig. 8 . Although Al 2 O 3 corresponds to the most stable oxide ͑high ⌬G f 0 ͒, its atomic concentration on the surface is found to be low as compared to Zn and Ga. This indicates that the entire Al has not oxidized from the outer surface; some are present in the sputtered layers. The outer surface of the passive film is primarily composed of a high content of Ga 2 O 3 and a small amount of ZnO. Nevertheless, the role of Al 2 O 3 in the formation of the passive film on the outer surface is very low. It is mainly present in the sputtered layers. Tin oxide, because of its highest Gibbs free energy ͑⌬G f 0 for SnO = −251.9 kJ/mol͒, 35 is unstable and is formed in very low concentration on the surface. It is, however, present in the sputtered layers and represents the base metal. The presence of a high concentration of Cl − observed on the outer surface ͑Fig. 8͒ is responsible for the breakdown of the passive film and lowering of corrosion resistance of the alloy, especially for high Al content ͑Table I͒. Furthermore, the formation of different oxides in the passive film has been confirmed by SIMS analysis. Figure 9 shows the SIMS depth profile analysis for the Sn-8.5Zn-0.02Al-0.5Ga alloy polarized to the end of passive region G. The results reveal that Cl − ion is present in very high concentration on the surface of the alloy, which destroys the passivity and breaks the passive film as described earlier. Zinc oxide is also present in high concentration on the outer surface, which decreases with increase in sputtering time. These results suggest that most of the Zn might have segregated to the surface and have oxidized. Ga 2 O 3 is also formed on the outer surface but its concentration is found to be lower than ZnO. The concentration of gallium oxide remains constant with the change in sputtering time, indicating that some of the gallium oxide must be present in the sputtered layers. This is in close agreement with the Auger depth profile analysis presented before. The alloying element Sn is present in higher amounts on the 
